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Abstract 

A simple, sensitive, and selective colorimetric biosensor for the detection of the malarial biomarkers Plasmodium vivax 
lactate dehydrogenase (PvLDH) and Plasmodium falciparum LDH (PrLDH) was demonstrated using the pLI aptamer as the 
recognition element and gold nanoparticles (AuNPs) as probes. The proposed method is based on the aggregation of 
AuNPs using hexadecyltrimethylammonium bromide (CTAB). The AuNPs exhibited a sensitive color change from red to 
blue, which could be seen directly with the naked eye and was monitored using UV-visible absorption spectroscopy and 
transmission electron microscopy (TEM). The reaction conditions were optimized to obtain the maximum color intensity. 
PvLDH and PrLDH were discernible with a detection limit of 1.25 pM and 2.94 pM, respectively. The applicability of the 
proposed biosensor was also examined in commercially available human serum. 
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Introduction 

Malaria is a life-threatening parasitic disease, which involves 
high fevers, shaking chills, flu-like symptoms, and anemia, and is 
transmitted to people through the bites of infected mosquitoes. 
According to the World Health Organization (WHO), in 2012, 
there were about 207 million cases of malaria globally (with an 
uncertainty range of 135 million to 287 million) and an estimated 
627,000 deaths (with an uncertainty range of 473,000 to 789,000), 
mostly among African children [1]. Hence, the diagnosis and 
treatment of malaria is very important for the welfare of mankind. 
According to the literature, there are few methods available for the 
diagnosis of malaria. Malaria is commonly diagnosed based on 
parasitological confirmation by either microscopy or rapid 
diagnostic tests (RDTs) [2]. However, each of these methods has 
several limitations. The microscopy method needs a highly 
trained, experienced expert, and a tedious procedure is followed 
for the preparation of blood samples. Even though RDTs are 
commercially available, they have inadequate sensitivity and 
specificity at low parasite concentrations. Moreover, RDT is 
vulnerable to heat and humidity, because RDT is based on an 
antibody-antigen recognition. Due to these limitations, a rapid and 
accurate method for the diagnosis of malaria is essential. 

Aptamers are oligonucleic acid or peptide molecules that bind 
to specific target molecules; hence, aptamers are considered to be 
alternatives to antibodies in both therapeutic and diagnostic 
applications [3-6]. Aptamers have many advantages, including 
their ease of discovery and analysis, specificity to targets, thermal 
stability, and convenience of chemical synthesis [7-13]. Thus, 
research into the development of aptasensors has drawn significant 



attention from scientists and is being studied intensively. In 
particular, an aptasensor for detection of malaria is required to 
overcome the drawbacks of current diagnostic methods. In our 
previous work, we reported the development of aptamers for the 
malaria biomarkers, Plasmodium vivax LDH (ftLDH) and Plasmo- 
dium falciparum LDH (fyLDH), through the systematic evolution of 
ligands by exponential enrichment (SELEX) [14]. 

Colorimetry has commonly been used for routine analysis since 
it does not require any special instruments and can be observed 
directly with the naked eye. Gold nanoparticle (AuNP)-based 
colorimetric assays have recently drawn extensive attention for 
their simplicity, ease of observation, and the lack of need for 
complicated instrumentation [15,16]. Since the introduction of the 
first DNA sensor based on mercaptoalkyloligonucleotide-modified 
AuNPs and a target single-stranded DNA (ssDNA) through 
hybridization [17], similar platforms, such as DNA, proteins, 
heavy metal ions, and small molecules, have been developed to 
analyze various substances [18-21]. Most of the assays are based 
on target-mediated crosslinking mechanisms through the modifi- 
cation of AuNPs with specific binding-ligands [22,23]. In practice, 
however, assay procedures based on the non-crosslinking aggre- 
gation mechanism of AuNPs are more convenient and cost- 
effective due to the absence of the elaborate and expensive 
synthesis of thiol-containing ligand-modified AuNPs [24,25]. The 
loss of steric stabilization in DNA-stabilized AuNPs is one of the 
main approaches used to induce colloid aggregation through a 
non-crosslinking mechanism. This can be achieved by changing 
the DNA structure, e.g., forming a double-stranded DNA 
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(dsDNA), or through the loss of DNA stabilizers, e.g., enzymatic 
cleavage of DNA [26]. 

Recent research has demonstrated that hexadecyltrimethylam- 
monium bromide (CTAB), a cationic surfactant, can be used to 
prepare AuNPs in controllable sizes and shapes [27-29]. CTAB 
displays two useful features: a positive charge, which can be 
employed to aggregate AuNPs, and the ability to assemble DNA to 
form supramolecules with certain nanostructures [30-32]. Some 
studies have shown that long-chain, single-stranded DNA forms 
cubic nanostructures with CTAB, whereas long-chain dsDNA 
forms hexagonal nanostructures [33]. Recendy, Wu el ai, 
developed a colorimetric biosensor for the detection of metal ions 
using CTAB [34], but so far the proposed strategy has not been 
applied to the detection of a protein. 

In this work, we provide the demonstration of the sensitive and 
selective colorimetric detection of recombinant ftLDH and 
PfLDH proteins using the pLl aptamer [14] as the recognition 
element and AuNPs as probes. CTAB was considered an efficient 
material to aggregate AuNPs. The useful property of CTAB is 
that, it not only aggregates the AuNPs, but also controls their 
aggregation via its competitive binding to aptamers [34]. The 
colorimetric aptasensor is a rapid, accurate, sensitive, and specific 
biosensor for the detection of Plasmodium LDH (pLDH) proteins. In 
addition, the proposed biosensor is applied to the detection of 
P»LDH and PfLDH spiked with human serum. 

Experimental 

Materials and instruments 

The pLl aptamer (5'-GTT CCA TTG GAT TGT GCC GGA 
AGT GCT GGC TCG AAC-3') was synthesized by Bionics 
(Korea), and the BL21(DE3) Escherichia coli strain was purchased 
from Invitrogen (USA). The CTAB, the human serum (product 
number: H4522), the albumin from human serum (HAS), the y- 
globulins from human blood, and the fibrinogen from human 
plasma were purchased from Sigma- Aldrich (USA). The Hi- trap 
Ni-NTA affinity column, MonoQ anion exchange column, and 
Superdex 200 HL gel filtration column were purchased from GE 
Healthcare (USA). The AKTA Purifier Fast Protein Liquid 
Chromatography system was used for the purification of the 
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Figure 2. Optimization of CTAB and pLl aptamer concentra- 
tions. (A) The effect of the concentration of CTAB on pLDH detection. 
The inset figure represents the visual color change of the AuNPs at each 
concentration level. (B) The effect of the concentration of the pLl 
aptamer on pLDH detection. The inset figure shows the visual color 
change of the AuNPs at each concentration level. (A and B) Points and 
error bars represents the means and standard deviations, respectively, 
of three repeated measurements. 
doi:1 0.1 371/journal.pone.01 00847.g002 
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Figure 1. Schematic representation of the biosensor. Schematic representation of the biosensor for the detection of pLDH based on the 

surfactant-induced aggregation of AuNPs. 

doi:10.1371/journal.pone.0100847.g001 
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P»LDH, PfLDH, and the human LDH A chain (hLDHA). The 
absorbance measurements were performed using the HP 845x 
UV- Visible System. 

Preparation of LDH proteins 

The PvLDH and PfLDH proteins were obtained using a 
bacterial expression system in accordance with the literature 
[14,35]. Briefly, the competent cells containing the P»LDH gene 
were grown at 37°C for 4 h and lysed by sonication at 4°C in a 
lysis buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 0.5 mM fj- 
mercaptoethanol, 10 mM imidazole, and 5% [w/v] glycerol). The 
proteins were purified using the Hi-trap Ni-NTA affinity column, 
the MonoQ_ anion exchange column and the Superdex 200 HL gel 
filtration column. The purified proteins were stored in a storage 
buffer (50 mM HEPES, pH 7.4, 5 mM fj-mercaptoethanol, and 
5% [w/v] glycerol) at -80°C. The PfLDH proteins and hLDHA 
were obtained using the same procedure. The purity of each 
protein was analyzed using sodium dodecylsulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). 
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Figure 3. Colorimetric detection of recombinant PvLDH. (A) The 

calibration curve of the sensing solutions containing varying concen- 
trations of PvLDH. Points and error bars represents the means and 
standard deviations, respectively, of three repeated measurements. The 
inset figures represent the visual color changes of the AuNP solutions. 
(B) The absorbance spectra for the detection of PvLDH. 
doi:1 0.1 371 /journal.pone.01 00847.g003 



Preparation of the gold nanoparticles 

In accordance with the literature [36], the AuNPs were 
synthesized with a citrate reduction of HAuCLj in which trisodium 
citrate was employed as a stabilizer capped on the AuNPs surface. 
All glassware was treated with aqua regia, which was prepared 
using freshly mixed, concentrated nitric acid and hydrochloric acid 
in a volume ratio of 1:3. A 1 .0 mM HAuCl 4 solution (100 mL) was 
boiled and stirred vigorously, and a 38.8 mM trisodium citrate 
solution (10 mL) was then added rapidly. The mixture boiled for 
30 min until a wine-red color was obtained and then cooled to 
room temperature. Next, it was filtered through a 0.22 um 
membrane filter to remove the precipitate, and the filtrate was 
stored in a refrigerator at 4°C for future use. The concentration of 
AuNPs was measured by UV-visible absorption spectroscopy, and 
the AuNPs were concentrated to 10 nM. The size of the AuNPs 
was confirmed using transmission electron microscopy (TEM). 

Optimization of detection conditions 

Various concentrations of CTAB (0, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 
and 5 nM) in a reaction buffer (160 uL, 20 mM HEPES, and 
pH 7.4) were added to the AuNP solution (40 uL) to optimize the 
detection conditions. Absorbance values at 520 nm and 650 nm 
were recorded by the UV-visible absorption spectrometer. 
Similarly, a suitable concentration of the pLl aptamer was 
investigated for the optimization of detection conditions. Various 
concentrations of the pLl aptamer (0, 1, 2, 5, 10, 20, 50, and 
100 nM) and 4 nM of CTAB were incubated in an identical 
volume of the reaction buffer for 20 min at room temperature. 
Next, the AuNP solution was added to the mixture and the 
absorbance values at 520 nm and 650 nm were measured. In 
order to optimize the concentration of CTAB for detection in the 
human serum sample, various concentrations of CTAB (0, 1, 5, 
10, 30, 50, 100, 200, and 300 nM), 20 nM of the pLl aptamer, 
and a prepared human serum sample (4 (J.L) were incubated in the 
reaction buffer (160 uL) for 20 min at room temperature. After 
the AuNP solution was mixed with the reaction buffer, the change 
in the absorbance values was measured using the UV-visible 
absorption spectrometer. 

Colorimetric detection of recombinant pLDH 

An appropriate volume of 20 nM of the aptamer solution and 
varying concentrations of the recombinant pLDH were mixed 
thoroughly in the reaction buffer, and then incubated for 20 min 
at room temperature. Subsequently, 4 nM of CTAB was added to 
the mixed solutions and incubated for 20 min at room temper- 
ature. Finally, the AuNP stock solution was added to provide a 
final volume of 200 uL. After incubation for 5 min at room 
temperature, the absorbance values at 520 nm and 650 nm were 
measured. The experiments were carried out separately three 
times. The ratio of A650/A520 of each sample solution and 
absorbance spectra was obtained using the UV-visible absorption 
spectrometer, and the AuNP color changes were observed with the 
naked eye. 

Detection of pLDH in the human serum sample 

The detection of recombinant pLDH proteins in the human 
serum sample was performed using an identical protocol. Several 
serum samples were prepared by adding various concentrations of 
pLDH into the commercially available human serum. The serum 
samples were diluted 10 times with phosphate buffered saline 
(PBS). 4 uL of pretreated serum samples and 20 nM of the pLl 
aptamer were added to the reaction buffer solution, and the 
mixture solutions were incubated for 20 min at room temperature. 
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Figure 4. Detection of AVLDH in the human serum sample. (A) The calibration curve of the sensing solutions containing varying 
concentrations of PvLDH in the serum sample. Points and error bars represents the means and standard deviations, respectively, of three repeated 
measurements. (B) The TEM image of the AuNP solution containing the serum sample. (C) The TEM image of the AuNP solution containing 10 nM of 
PvLDH in the serum sample. 
doi:1 0.1 371 /journal.pone.01 00847.g004 



Thereafter, 100 nM of CTAB was added to the mixtures, and they 
were incubated for 20 min at room temperature. The AuNP 
solutions were then mixed in each sample, and the absorbance 
values were recorded. Moreover, the dispersed and aggregated 
AuNPs were confirmed using TEM. 

Results and Discussion 

Principle of colorimetric detection for pLDH 

In this work, the synthesized AuNP solution (Fig. SI) was 
stabilized by the citrate anions as their repulsion prevented the 
AuNPs from aggregating. Electrosteric stabilization is a major 
factor for ensuring that AuNPs remain dispersed in an aqueous 
solution. Generally, positively charged materials, such as cationic 
polymers, surfactants, and high concentrations of sodium, can 
disturb the charge balance of AuNPs and cause them to aggregate. 

In this study, CTAB was used to aggregate AuNPs, and the pL 1 
aptamer played two major roles: (i) it interacted with pLDH to 
form an aptamer-protein complex; and (ii) it assembled with the 
CTAB to make supramolecules, which prevented the AuNPs from 
aggregating. The mechanism of the pLDH biosensor is shown in 
Fig. 1 . In the absence of pLDH, the pL 1 aptamers were free and 
could assemble with the CTAB to form supramolecules, and thus 
the subsequent AuNPs could not aggregate due to the lack of free 
CTAB. On adding pLDH, the pLl aptamer could specifically 
bind to the pLDH and induce the pLl aptamer-pLDH complex. 
Thus, the pLl aptamers were exhausted due to the formation of 
the aptamer-pLDH complex, allowing the free CTAB to aggregate 
the AuNPs, which led to the remarkable signal change in 
absorbance. The signal variation of the solution depended on 
the concentration of free CTAB, which was in turn directly 
conditioned by the concentration of pLDH. Therefore, this 
strategy makes it possible to detect pLDH via the colorimetric 
method. The results confirm that the color change was correlated 
with the degree of AuNP aggregation caused by the interaction of 
the AuNPs and CTAB, depending on the concentration of pLDH. 



Optimization of detection conditions 

Optimal reaction conditions for the effective quantitative 
determination of pLDH were established through the performance 
of several experimental trials. It was observed that the sensitivity of 
the method depends on the concentration of CTAB and the pL 1 
aptamer. 

To optimize the concentration of CTAB required for the 
aggregation of the AuNPs, varying concentrations of CTAB (0— 
5 nM) were added to the reaction buffer solution, followed by a 
constant concentration of AuNP solution (10 nM). The absor- 
bance values at 520 nm and 650 nm were recorded, and the ratio 
of A650/A520 was calculated. The color of the AuNP solutions 
changed gradually from wine red to purple and blue (Fig. 2A). The 
values of A650/A520 ratios increased until the concentration of 
CTAB reached 4 nM. At this point, all AuNPs aggregated 
thoroughly. With a further increase in the CTAB concentration, 
there was no significant increase in the values. The reason for this 
phenomenon was that the AuNPs had aggregated thoroughly to 
form large particles at a high concentration of CTAB. Thus, 4 nM 
of CTAB was considered to be the proper concentration for the 
colorimetric aptasensor. 

To identify the best concentration of the pL 1 aptamer, similar 
experiments were carried out with varied concentrations of the 
aptamer (0-100 nM) in the reaction buffer solution containing the 
fixed concentration of CTAB (4 nM). The ratio of A650/A520 
was decreased until 20 nM of the pLl aptamer was reached, after 
which it did not decrease considerably (Fig. 2B). Therefore, 20 nM 
of the pLl aptamer was considered suitable for the effective 
detection of pLDH. 

Colorimetric detection of recombinant PvtDH and PrLDH 

Given the optimized detection conditions, detection of the 
recombinant P»LDH was performed with the naked eye and the 
UV-visible absorption spectrometer. In the absence of ftLDH, 
there was no free CTAB in the reaction buffer because the pLl 
aptamer and CTAB had formed supramolecules. Hence, the 
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AuNPs in the reaction buffer were dispersed, and its color 
remained red. In the present of various concentrations of ftLDH 
(0 pM, 1 pM, 10 pM, 100 pM, InM, 10 nM, 100 nM, and 
1 nM), the amount of free CTAB gradually increased as the 
concentration of ftLDH increased because the pLl aptamer 
bound more strongly to the ftLDH protein compared to the 
CTAB. This led to the aggregation of the AuNPs to the extent that 
the color of the AuNP solution changed dramatically from red to 
purple (Fig. 3A). Moreover, the absorbance spectra were obtained 
for further confirmation, and a blue shift of AuNPs was observed 
(Fig. 3B). The absorbance ratio of A650/A520 was increased 
depending on the increase in the concentration of ftLDH. The 
results showed that the absorption ratio of A650/A520 was linear 
over the range of 1 pM to 10 nM, and the calculated detection 
limit was 1.25 pM. In addition, experiments with PfLDH were 
carried out using the identical protocol, and a detection limit of 
2.94 pM was obtained (Fig. S2). These values indicated that the 
proposed biosensor was highly sensitive. The results further 
revealed that a high concentration of pLDH prevented the 
formation of a pLl aptamer-CTAB complex and induced the 
existence of free CTAB, which in turn aggregated the AuNPs. 
Thus, the pLDH proteins were successfully detected by the 
colorimetric aptasensor. 

Selectivity of the biosensor 

The selectivity of the aptasensor towards the pLDH was 
investigated using several other human proteins, including HSA, 
y-globulins, fibrinogen, and hLDHA. To evaluate the selectivity of 
the biosensor, the same protocol was used, and the concentrations 
of the pLl aptamer, CTAB, and AuNPs were fixed as for detection 
of pLDH. Each protein (1 uM) was sequentially incubated with 
the pLl aptamer, CTAB, and AuNPs, and then the absorbance 
ratio of A650/A520 was recorded. The results revealed that the 
A650/A520 values of ftLDH and PfLDH increased significandy 
whereas those of the other proteins did not increase compared 
with the control sample (Fig. S3). These results demonstrate that 
the proposed biosensor is highly selective towards recombinant 
ftLDH and PfLDH proteins. 

Detection of pLDH in the human serum sample 

The detection of pLDH proteins in the human serum sample is 
critical for the utilization of the aptasensor as a diagnostic tool for 
malaria. Therefore, an examination of the aptasensor performance 
in the human serum sample was essential. The optimization of the 
detection conditions for the human serum sample was carried out 
to adjust the sensing conditions to the complex biomolecular 
environment of the human serum. These biomolecules are 
charged, so the formation of the aptamer-protein complex or 
aptamer-surfactant complex could be affected, which could lead to 
effective detection failure. Moreover, various enzymes could cause 
an enzymatic reaction with probe molecules or AuNPs, and these 
reactions could interfere with colorimetric detection. For these 
reasons, detection condition for the human serum sample must be 
optimized. 

In order to determine suitable concentrations of CTAB for 
detection in the human serum sample, various concentrations of 
CTAB were tested with the commercially available human serum 
sample using similar protocols as for the optimization of detection. 
The result revealed that 100 nM of CTAB was the appropriate 
concentration to detect pLDH proteins in the human serum 
sample (Fig. S4). 

Detection of pLDH in the human serum sample was performed 
for both the ftLDH and PfLDH to investigate the probability of 
success in a diagnostic application. Each serum sample was 



prepared by adding varying concentration of pLDH proteins 
(0 pM, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM). The absor- 
bance values at 520 nm and 650 nm were measured, and the ratio 
of A650/A520 increased in parallel with the increase in protein 
concentration (Fig. 4A and Fig. S5). The detection limits of both 
PvLDH and PfLDH were calculated using the linear fit, and the 
values were 10.17 pMand 13.54 pM, respectively. The aggregation 
of the AuNPs induced by the detection of pLDH in the human 
serum sample was further verified by TEM imaging. In the case of 
the absence of ftLDH, the AuNPs were dispersed (Fig. 4B). 
However, the AuNPs in the reaction solution containing the PvLDH 
(10 nM) were highly aggregated due to free CTAB, which existed in 
the solution due to the formation of the pLl aptamer-ftLDH 
complex (Fig. 4C). These results suggest that the aptasensor can be 
utilized to detect pLDH in the human serum. There are still further 
steps that are required to validate the usefulness of the aptasensor, 
but it has been verified that the proposed aptasensor has the 
potential to become a diagnostic tool for malaria. 

Conclusion 

In summary, CTAB-based label-free colorimetric sensing of 
pLDH was performed with the pLl aptamer and AuNPs. The 
proposed biosensor offers simple, rapid, and sensitive detection of 
pLDH proteins. In comparison with other pLDH sensors, the 
present method can rapidly detect low concentrations of pLDH 
through observation with the naked eye and UV-visible absorption 
spectroscopy. Both PvLDH and PfLDH were selectively detected 
using the aptasensor and showed low detection limits of 1.25 pM 
for ftLDH and 2.94 pM for PfLDH, whereas the aptasensor did 
not work for other proteins, such as HSA, y-globulins, fibrinogen, 
and hLDHA. In addition, detection of pLDH in the human serum 
sample was performed using UV-visible spectroscopy and TEM 
imaging. Both ftLDH and PfLDH in serum samples were 
successfully detected with low detection limits. Therefore, the 
proposed aptasensor for pLDH can be utilized for the accurate 
and sensitive detection of pLDH in the human serum. 

Supporting Information 

Figure SI TEM image of the synthesized AuNPs. The AuNPs 
were synthesized with a citrate reduction of HAuCl 4 and their size 
confirmed using TEM. 
(DOCX) 

Figure S2 Colorimetric detection of recombinant PfLDH. (A) 
The calibration curve of the sensing solutions containing varying 
concentrations of PfLDH. Points and error bars represents the 
means and standard deviations, respectively, of three repeated 
measurements. The inset figures represent the visual color changes 
of the AuNP solutions. (B) The absorbance spectra for the 
detection of PfLDH. 
(DOCX) 

Figure S3 The selectivity of the aptasensor. The selectivity of the 
aptasensor for the pLDH proteins. The values of A650/A520 of 
each competing protein were measured with the same concentra- 
tion of 1 uM. 
(DOCX) 

Figure S4 Optimization of CTAB concentration for detection in 
serum samples. The effect of the concentration of CTAB on 
pLDH detection in serum sample. Points and error bars represents 
the means and standard deviations, respectively, of three repeated 
measurements. 
(DOCX) 
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Figure S5 Detection of PfLDH in the human serum sample. 
The calibration curve of the sensing solutions containing varying 
concentrations of PfLDH in the serum sample. Points and error 
bars represents the means and standard deviations, respectively, of 
three repeated measurements. 
(DOCX) 
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